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Abstract
This work explores some of the considerations for the design and operation of a fungal
spore sensor using Magnetic Resonance Force Microscopy (MRFM). This work starts by in-
troducing the physics, components and theory of operation which make MRFM a favourable
method for detecting the presence of fungal spores, which have physical dimensions in the
range of a few microns to a few hundred microns.
MATLAB was used to simulate changes in the dipole magnetic force which acts between
a mold spore and a MEMS cantilever beam during a MRFM experiment. The dimensions,
characteristics and response of the cantilever beam is estimated using MATLAB and refined
with multiple simulations in COMSOL Multiphysics. The results are two cantilever models,
one made using silicon and the other silicon nitride, have approximate quality factors of 30,
spring constants around 80× 10−6 N/m and resonance frequencies close to 10 kHz.
This work also discusses the proposed manufacturing process and considerations for the
MEMS cantilever structure and the additional components of the intended prototype sensor.
A sequence of operation for the initial calibration and typical operation of the spore sensor
is also included in this work. The fungal spore itself is adhered within the sensing range of
the sensor by using an antibody selectively chosen to bind with the targeted spore. This
work concentrates on the detection of the Botryris cinerea fungal spore, however the results
from this work can be easily expanded on to detect additional fungal spores by changing the
monoclonal antibody used to target the other spore types.
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1. Introduction
Fungal infection in crops is a growing concern for many farmers across the globe. There
are millions of different genus of fungi, some of which are capable of causing billions of dollars
in damages to agricultural crops worldwide. Fungal infections are spread between infected
and healthy host plants by the distribution of fungal spores via water flow, wind currents
and insects. The traditional method of checking plants for fungal pathogens is through a
visual check of the crop leaves, stocks and kernels for the signs of disease. Once the presence
of an infection has been identified a broad spectrum fungicide is used to treat the fungus in
the infected fields, typically without knowing the family or genus of the fungus. Usually by
the time a fungal infection has been identified and sprayed, the fungus has already caused
significant damage to the infected plants which results in a lower crop yield and overall
poorer quality. In more advanced growing facilities such as greenhouses and government
growing operations, a number of precautions are used to prevent fungal infections such as
high quality water and air filters.
Current methods for detecting the presence of mold spores involves using spore traps to
capture airborne spores and collect them on a tape or filter which is then inspected manually
by a technician using a microscope or by using DNA-based identification methods on the
collected sample [1]. Typically the tape or filter goes through a period of incubation before
the identification process, which encourages the mold spore to grow vegetative stocks called
conidiophores, which aids in the identification of the fungi species. While this approach in
spore identification is an attempt to be proactive, the process for incubation of the filters and
the manual inspection can be rather time consuming which introduces delays between the
time the sample was initially acquired and the time the fungus is positively identified. This
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delay grants the mold spores in the field more time to reach maturity and infect additional
plants. In order to combat the increased fungal presence more fungicide needs to be used to
treat the infected crop. Fungicides used to treat fungal infections can have unwanted effects
on other beneficial organisms, or build up chemical residue in the soil or the food chain [2].
It is desirable to design a sensor which can replace the tape or filter within a spore trap to
detect the presence of mold spores without the need for the transportation, incubation and
visual inspection of a traditional spore trap filter. Using mechanical means for the detection
of mold spores can be quite challenging, as the size of the spore is extremely small, ranging
from a few microns to a hundreds of microns on a side. Magnetic resonance force microscopy
(MRFM) is a technique which combines the high resolution scans of magnetic resonance
imaging (MRI) and the force sensitivities of Atomic Force Microscopy (AFM) to detect the
minuscule changes in the net magnetization of a sample. In close proximity and the right
environmental conditions, such as under a high vacuum and near 0◦K, MRFM experiments
have been able to detect the spin of a single electron [3–5]. In this work, mathematical
models and finite element analysis are used to investigate the feasibility of a sensor utilizing
MRFM techniques for the detection of a single mold spore.
This work will focus on the detection of the fungus Botrytis Cinerea, which infects a
variety of host plants and is the cause of grey mold on a number of fruits including tomatoes,
grapes and strawberries both pre- and post- harvest. The botrytis spore was chosen because
(a) (b)
Figure 1.1: Botrytis cinerea a. growth on a strawberry and b. individual spores.
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it is a common infection amongst fruit and vegetable farmers, and because the monoclonal
antibody which acts as an binding layer between the sensor and the spore is readily available.
While this works focus on the detection of the botrytis spore, the techniques used in the
development of the sensor can be expanded on for the detection of other fungal spores which
can be bonded to a monoclonal antibody.
1.1 Motivation
A sensor capable of detecting the presence of mold spores such as botrytis cinerea has
applications in many industries outside of the agriculture sector. One possible application is
to place the proposed mold spore sensors within the compartments of a refrigerator for the
detection of fungi growth on produce, cheese or dairy products. Early detection of mold in
refrigerators can help prevent the fungus from spreading from infected products to healthy,
non-infected food.
Another application of such a sensor is in the potash industry. Rail cars and ships
used to transport potash to Australia and New Zealand need to be 100% free of the fungus
Tilletia indica. Wheat crops infected with tilletia indica develop karnal bunt disease which
is profoundly difficult to detect on crops, but results in a foul taste and smell when flour
is made with infected kernels. Fertilizers such as potash suspected of being in contact with
tilletia indica are not allowed to dock in Australian ports, which can result in hundreds
of tonnes of potash being turned away [6]. Fungal spore sensors at different stages of the
potash storage and transportation process can alert staff if signs of the fungus are found
either before containers are filled, or if the product gets contaminated during the shipping
process.
Air handling units in office buildings and schools collect and distribute thousands of litres
of air a day and provide a great pathway to distribute airborne spores throughout a building.
Air samplers capable of detecting mold spores can be placed in a buildings ductwork and
be used to detect the spores of fungus such as Stachybotrys chartarum or Stachybotrys
chlorohalonata which can indicate the presence of toxic black mold growth in the building.
Numerous other fungal spores distributed throughout a building may not be toxic but can
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be a cause of many allergic reactions or illnesses in building occupants [7].
1.2 Research Objectives
The following objectives are defined for this thesis study:
Objective 1: To estimate the dipole magnetic force which acts between the ferromagnetic
particle attached to a cantilever beam in the MRFM setup and a single botrytis cinerea
spore, and determine at what RF frequency the magnetic force is maximum.
The method used to accomplish this objective is to determine the mathematical systems
involved in a MRFM experiment and model those systems using a MATLAB script. A sweep
of the applied RF frequency is used to determine at what frequency the magnetic force is
maximized.
Objective 2: To determine the required cantilever beam properties such that the MRFM
setup can detected the minute changes in the magnetic field, and determine the can-
tilever dimensions which result in the smallest spring constant while maintaining the
ideal mechanical resonance frequency of 10 kHz.
The procedure used to achieve this objective involves estimating the dimensions of the
cantilever beam and the resulting properties using a MATLAB script. The results of the
script are then verified and adjusted using COMSOL Multiphysics.
Objective 3: To estimate the response of the cantilever beam during a MRFM experiment
and determine the amount of time required for the cantilever oscillations due to MRFM
to be distinguishable from thermal oscillations.
The method used to achieve this objective involves applying a harmonic load to the
cantilever beam in COMSOL multiphysics and measuring the time required for the cantilever
oscillations to double the amplitude of the thermal vibrations of the cantilever beam.
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Overall, the general methodology for conducting this research is to determine if a MEMS
device can accurately detect the presence of a botrytis cinerea mold spore by using multiple
simulations. The results of this study can be expanded on to develop a prototype of the
proposed mold spore sensor.
1.3 Thesis Organization
The remainder of this thesis is organized into four additional chapters. Chapter 2 will
provide background information on nuclear magnetic resonance and the different compo-
nents of magnetic resonance force microscopy. Chapter 2 will also introduce the botrytis
cinerea mold spore, its associated monoclonal antibody, and the results of solid state NMR
experiments done on the spore. Chapter 3 discusses the MATLAB script and COMSOL sim-
ulations used to estimate the dimensions and characteristics of the MEMS cantilever used
in the proposed sensor. The MATLAB script used to estimate the force resulting from a
magnetic resonance force microscopy experiment using a homogeneous sample is reviewed.
Chapter 4 examines the design considerations and manufacturing process for the proposed
sensor and discusses the sequence of operation for the sensor. Chapter 5 reviews the overall
structure and discusses future work and consideration for construction and verification of
the sensor operation.
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2. Background
This chapter will introduce nuclear magnetic resonance and review the physics involved
in the operation of a typical experiment. The differences between solution and solid state
nuclear magnetic resonance experiments will be discussed. These concepts are expanded
upon as an introduction to magnetic resonance force microscopy and a breakdown of the
roles each component plays in experiments including the MEMS cantilever beam, RF coil
and permanent magnet. The botrytis cinerea spore and the monoclonal antibodies BC-
12.CA4 are also discussed in detail and the results of a solid state NMR on a large number
of spores are reviewed.
2.1 Nuclear Magnetic Resonance
Nuclear Magnetic Resonance (NMR) is a technique which uses a large magnetic field
and a RF signal to manipulate the nuclear magnetic moments of individual nuclei within a
sample to discern the types of nuclei present and their proportions within the sample. The
NMR effects arises due to the property called nuclear spin (I), which is dependent on the
number of proton and neutrons within the nucleus of an atom. The nuclear spin is calculated
by the vector addition of the quantum spin numbers for individual proton and neutron, each
with a value of 1
2
, with the restriction that proton spins can only cancel out other proton
spins, and likewise for neutrons. A nuclei with an odd number of protons or neutrons (but
not both) is referred to as a dipolar nuclei and has a nuclear spin of I = ±1
2
. The nuclear
magnetic moment (µ) associated with a given nuclei is given by:
µ = γI~
[
A
m2
]
(2.1)
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where ~ is the reduced Planck’s constant (1.054589×10−34Js). The gyromagnetic ratio, γ, is
the proportionality constant which relates the magnetic moment of an isotope to its angular
momentum [8]. The natural abundance of an isotope is the probability that an isotope of
a given element occurs naturally, a high natural abundance is a desirable trait for a good
NMR signal. The natural abundance and gyromagnetic ratios of select isotopes with a ±1
2
spin are listed in Table 2.1 [9].
Table 2.1: Gyromagnetic ratios and natural abundance of select nuclei used in MRI
Isotope Gyromagnetic Ratio Natural Abundance
(γ/107) rad
Ts
(%)
1H 26.7519 99.985
13C 6.7283 1.108
19F 25.1815 100
19P 10.8394 100
In the absence of an external magnetic field, the magnetic moments of the nuclei within
a sample have a random orientation, resulting in the sample having no net magnetization.
When the same sample is placed within a magnetic field of magnitude Bext, which acts in
the positive z direction, a torque acts upon the magnetic moments within the sample and
results in a circular precession of the individual magnetic moment about the direction of
Bext. This rate of precession is referred to as the Larmor Frequency, ν0, and is proportional
to the applied magnetic field strength and the gyromagnetic ratio of the nuclei, as given in
Eqn. 2.2.
ν0 =
γBext
2pi
[Hz] (2.2)
Quantum theory limits the number of orientations nuclei with a ±1
2
spin to two possible
orientations [9]. Nuclei which have their magnetic moments precession in the same direction
as the external magnetic field results in a lower energy α state, whereas the nuclei which
have magnetic moments precessing in the opposite direction results in a higher energy β
state. The energy of a given state is given in Eqn. 2.3. Since the value of I is limited to ±1
2
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the energy gap resulting from the Zeeman effect can be calculated using Eqn. 2.4. Figure
2.1 shows how the energy levels of the α and β states change as the external magnetic field,
Bext, increases.
E = −γ~IBext [eV] (2.3)
EI=+ 1
2
= −γ~Bext
2
EI=− 1
2
= γ~Bext
2
∆E = EI=− 1
2
− EI=+ 1
2
∆E = γ~Bext [eV] (2.4)
Figure 2.1: The relationship of the energy level of ±1
2
spins as the external magnetic field
increases.
If its assume that the test sample is in thermal equilibrium, the ratio of the number of
spins in each state as governed by the Boltzmann distribution given in Eqn. 2.5a, where kb
is the Boltzmann’s constant (1.3806503 × 10−23Js), T is the temperature in ◦K, and Nβ
Nα
is
the ratio of the number of spins in the β state and the number of spins in the α state. At
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temperatures above 50 ◦K, the ratio of spins in the α and β states is extremely close to 1:1,
with the α state having a slightly larger concentration of spins then the β state.
Nβ
Nα
= e
γ~Bext
kbT0 (2.5a)
= 1− γ~Bext
kbT0
when γ~Bext < kbT0 (2.5b)
When a sample with a higher concentration of α spins and is bombarded by a low power
RF field oscillating at the Larmor frequency (ν0) the spins in the α state absorbs the RF
energy boosting them into the higher energy β state. This transition results in the magnetic
moment of the spin to change its direction to points away from Bext; this phenomenon is
known as a spin flip. This absorption of energy will continue to occur until the sample is
removed from the RF field, or the sample becomes saturated such that Nα = Nβ. Once the
RF field is removed from the sample, the nuclei affected by the RF pulse will relax back to
the initial Boltzmann distribution. There are two basic mechanisms for relaxation [9].
a. Spin-Lattice Relaxation (T1 Relaxation) occurs when a nuclei in the β state transfers
its energy to other atoms or ions within the lattice or backbone of the sample. As the
energized β state nuclei transitions back into the α state, the nuclei undergoes another
spin flip as it releases its energy and results in a small RF pulse being released. This
RF pulse has an equivalent energy as the energy gap between the two states.
b. Spin-Spin Relaxation (T2 Relaxation) occurs when a nuclei in the β state transfers its
energy upon a nuclei in the α state. In this case, two spin flips occur simultaneously
and results in no net change in energy or state population of the sample.
The RF pulse released by the Spin-Lattice relaxation is the fundamental signal measured
in nuclear magnetic resonance and can be measured using a receiving RF antenna. In a
laboratory environment with an external magnet capable of 2 Tesla or more, the RF signals
released from the sample tend to occur in the MHz range. A typical NMR experiment setup
consists of a transmit/receiving antenna pair as well as permanent and sweeping magnets,
as shown in Figure 2.2. For this setup, the external magnetic field is swept using sweep
9
Figure 2.2: Typical NMR experiment setup [10]
coils while the transmitted RF frequency remains constant. Once a signal has been received
by the Rx antenna, it is typically passed through a Fourier transform which results in a
spectrum similar to the one shown in Figure 2.3.
Figure 2.3: H1 NMR spectrum of ethyl bromide [11].
The spectrum shown in Figure 2.3 is the NMR spectrum for ethyl bromide and introduces
the concept of chemical shift (δ) within a sample. The spins which react in a NMR experiment
are influenced by the magnetic shielding of nearby atoms and their electrons. In the case
of ethyl bromide, the bromine atom has a relatively high electro-negativity compared to the
hydrogen and carbon atoms in which it shares the molecule. The higher electronegative Br
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attracts the electrons of the neighboring atoms towards it, this results in a deshielding effect
which exposes the CH2 molecule labelled “a” to the RF pulse slightly more than the CH3
molecule labelled “b”. This deshielding effect introduces minuscule differences in the local
magnetic fields of the CH2 and CH3 resulting in offsets in the larmor frequency between
the two parts of the molecule. The offset between the two larmor frequencies is measured
in parts per million (ppm) and can be estimated using Eqn. 2.6. The frequency shift in
magnetic resonance has a range of a few Hz compared to the operating frequency of the
NMR spectrometer, which tends to be in the few hundred MHz range [12] which is why the
chemical shift has the units of ppm. The ppm measurements normalize the NMR spectrum
to the operating frequency of the MRI used, allowing for the same compound experimented
on using different spectrometers having comparable spectra. The x-axis of NMR spectra
shows the frequency difference between the peaks of the spectrum in ppm and the y-axis
represents the strength of the measured RF signal (unit less). By comparing the magnitude
of the peaks of the spectrum and the frequencies differences between those peaks, its possible
to determine the chemical composition of the sample under test.
δ =
υ−υref
υref
[ppm] (2.6)
Magnetic resonance experiments have slightly different approach when performed on solid
samples. Most solid NMR experiments are performed on powdered substances which results
in random spin orientations within the sample. This random orientation causes a directional
dependence in the chemical shift of the sample which needs to be compensated for otherwise
the solid NMR spectrum will have extremely broad peaks, which can make determining the
chemical structure of the sample a tedious and troublesome task. In order to remove the
directional dependence of the sample during testing, the z-axis of the sample is offset by
54.74◦ and sample is rotated at a high speed. The angle 54.75◦ is referred to in solid NMR
as the magic angle and helps average the directional dependence of the solid or powdered
samples resulting in the narrowing the peaks in the solid NMR spectrum [13]. Figure 2.4
gives an example of the differences in spectra between the solution based NMR and a solid
state NMR, in this case 13C spectrum of linear low-density polyethylene (LLDPE) [14].
One of the disadvantages of standard nuclear magnetic resonance is that the magnitude
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(a) (b)
Figure 2.4: A comparison of 13C spectrum for linear low-density polyethylene from: a.
solution NMR and b. solid state NMR [11]
of the RF pulse emitted by the sample is dependent on the number of spin-flips which occur
within the sample. The number of spins in a sample is limited to the volume of the sample;
therefore the Signal-to-Noise Ratio (SNR) of the received signal is directly proportional to
the volume of the sample. Since the final goal of this sensor design is to detect the presence of
a single mold spore which has the dimensions of a few micron in comparison to the distance to
the RC coil in a NMR spectrometer, which can be up to a centimeter away from the sample,
the probability of obtaining a detectable RF signal from a single mold spore is extremely
low.
Due to the complex nature of the atomic arrangement within molecules, Shoolery’s rule
was devised to be used to estimate the chemical shift for any CH2−X−Y or CH−X−Y −Z
systems. Section 2.1.1 introduces the concepts behind Shoolery’s rules and contains a table
of calculated chemical shift contributions, a few examples of chemical shift calculations and
their comparison to experimental values.
2.1.1 Shoolery’s Rules
As mentioned previously, the chemical shift observed in NMR experiments are caused
by localized magnetic shielding and deshielding due to other atoms in the system and their
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electro-negativity. The chemical shift can be estimated based on the known values observed
in methane (δ = 0.23ppm) and summing the contributions of adjacent molecules to predict
the final chemical shift for a CH group. These estimations provide good results for CH2
groups, but are less accurate for CH groups; CH3 groups can be estimated by substituting
in H − CH2 − X. The equation for estimating the chemical shift using Shoolery’s rule is
given in Eqn. 2.7 and a list of chemical shift contributions is given in Table 2.2 [9].
δ = 0.23 +
∑
Contributions (2.7)
Table 2.2: Additive Contributions to the Chemical Shifts of CH and CH2 Groups
Group Contribution Group Contribution
H 0.17 COR 1.70
CH3 0.47 I 1.82
CH2R 0.67 Ph 1.85
CF3 1.14 Br 2.33
C = C 1.32 OR 2.36
C ≡ CR 1.44 Cl 2.53
CO2R 1.55 OH 2.56
NR2 1.57 O.CO.R 3.13
CONR2 1.59 0.Ph 3.33
SR 1.64 F 3.60
CN 1.70 RCONH 2.36
The following examples show how to use Shoolery’s rules to estimate the spectral peaks
for simple compounds before comparing the location of the estimated peaks to the spectral
peaks observed from NMR experimental data.
Example 1
For the compound CH3CH2Cl the
1H chemical shifts can be estimated as follows:
CH3CH2Cl δ = 0.23 + 0.17 + 0.47 = 0.7ppm
CH3CH2Cl δ = 0.23 + 0.47 + 2.53 = 3.23ppm
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For the above example, spectral peaks from an NMR experiment are estimated to be
around 0.7 ppm and 3.23 ppm. For this compound run in a solution NMR, the experimental
peaks are observed at 0.78 ppm and 3.57 ppm.
Example 2
For the compound CH2Cl2 the
1H chemical shift can be estimated as follows: CH2Cl2
δ = 0.23 + (2)(2.53) = 5.29ppm
For this example, a spectral peak from an NMR experiment is estimated to be around
5.29 ppm. The NMR experimental peak is located at 5.32 ppm.
2.2 Magnetic Resonance Force Microscopy
Magnetic Resonance Force Microscopy (MRFM) is a technique which incorporates aspects
of Atomic Force Microscopy (AFM) with traditional nuclear magnetic resonances to increase
the SNR of samples with a small volume. This technique uses a Micro Electro-Mechanical
System (MEMS) cantilever with small spring constants to measure the net dipole magnetic
force that acts between the sample under test and a ferromagnetic (FM) particle attached
to the end of the cantilever. The dimensions of MEMS devices are in the range of a few nm
to a few mm which gives MRFM an advantage over traditional NMR in that the SNR of
the received signal is higher for small sample volumes, such as the size of a mold spore [15].
Figure 2.5 shows an example of a typical MRFM setup, although multiple variations have
Figure 2.5: Typical MRFM experiment setup [15].
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been designed and tested, the principle of the experiment remains the same. In a typical
MRFM experiment, a ferromagnetic (FM) particle is suspended by the free end of a MEMS
cantilever beam. A permanent magnet is used to provide a homogeneous external magnetic
field, Bext, perpendicular to the plane of the cantilever. The sample is located between the
permanent magnet and the ferromagnetic particle. An RF coil is positioned such that the
magnetic field of the RF frequency B0, is perpendicular to Bext. For simplicity the orientation
of Bext will be define in the positive z-direction and the RF pulse B0 acts in the positive
x-direction. As with the traditional NMR theory, the permanent magnet induces Zeeman
splitting in the sample and the energy absorbed from RF pulse induces spin flips from the α
to β state. Once the RF pulse is turned off and T1 relaxation occurs the MEMS cantilever
oscillates as the net magnetization of the sample varies during the nuclei transition from
the β state to the α state. In order for the MRFM mechanism to successfully measure such
small magnetic variations, the cantilever beam must be designed with a low spring constant
for the highest sensitivity.
2.2.1 MEMS Cantilever Beam
The motion of a MEMS cantilever beam can be modeled as a second order damped
spring as given by Eqn. 2.8 where F0 is a harmonic load applied to the cantilever beam at
the frequency α. The values of m, k and c are the mass, spring constant and damping factor
of the cantilever beam and can be estimated using Eqn. 2.9, 2.10, and 2.11 respectively.
The estimated resonance frequency of the cantilever beam is given by Eqn. 2.12, where Ec
and ρc are the Young’s modulus and density of the cantilever material respectively and λn
is the flexural mode identifier constant (λ1 = 1.875). The cantilever length lc, width wc,
and thickness tc all play an important role in the harmonic oscillations of the mass-spring
system. The dimensions of the cantilever beam also have an effect on a number of different
damping coefficients.
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mx¨+ cx˙+ kx = F0 sin(αt) (2.8)
m = ρlcwctc [kg] (2.9)
k =
Ewct
3
c
4l3c
[
N
m
]
(2.10)
c =
1
2Q
[
N
m2
]
(2.11)
ωc =
λ2n√
12
tc
l2c
√
(Ec
ρc
)
[
rads
s
]
(2.12)
The quality factor (Q) of a cantilever beam is the ratio of the mechanical energy stored in
the cantilever versus the energy dissipated per cycle [16]. A high Q results in better frequency
stability and sensing resolution from the cantilever as more energy is stored in the beam.
Energy loss can occur in the cantilever beam due to multiple damping mechanisms related
to the operating environment of the cantilever, material the beam is manufactured from and
geometry of the beam. The overall quality of the cantilever beam can be calculated from
the quality factors of individual damping phenomena using Eqn. 2.13. Examples of differ-
ent damping mechanisms include squeeze film air-damping, Stoke’s damping, thermoelastic
damping and clamp damping.
Qtot =
(
1
Q1
+
1
Q2
+ ...
)−1
(2.13)
Squeeze-film damping is caused when a cantilever is oscillating near a surface parallel to
the length of the cantilever beam. As the cantilever oscillates it collides with the molecules
in the air, passing on some of the cantilever energy to the air molecules and forcing the
molecules to be pushed out from between the cantilever beam and the surfaces parallel to it.
Stoke’s damping describes the drag force that acts upon the lateral motion of the cantilever
beam within a gas or fluid [17].
Equations 2.14 and 2.15 can be used to approximate the quality factor due to Stoke’s
damping and squeeze-film damping respectively, where h0 is the distance between the can-
tilever rest position and the surface it is interacting with, M is the molar mass of air (29.96
g/mol) and R is the ideal gas constant (8.3145 J
mol ◦K ). T0 and P0 are the operating tem-
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perature (◦K) and pressure (Pa) of the system. The mean free path of air can be estimated
using Eqn. 2.16 where d is the diameter of the air molecule (approximately 39 nm) and the
value of the dynamic viscosity of air, η, is interpolated from the values in Table 2.3 [18].
QSt =
m
lcwc
√
ω0RT0
2P0Mη
(2.14)
QSq =
(1 + 9638
(
λ
h0
)1.159
)pi4h30tc ∗ ρcω0
96ηw2c
(2.15)
λ =
kbT0√
2pid2P0
(2.16)
Table 2.3: Dynamic viscosity of air at given temperatures.
Temperature 0◦C 20◦C 60◦C 100◦C
Air 17.08 18.75 20.00 22.00 ×10−6N s
m2
Additional forms of damping can occur from the interactions of the crystal lattice of
the cantilever material. The magnitude of these intrinsic losses can be quite large if the
cantilever beam is not designed with this in mind. The support losses occur due to the
elastic and acoustic losses that dissipate from the cantilever beam to the support structure.
An estimation of the quality factor due to losses from the support structure, Qclamp, is a
function of both the cantilever length and thickness, as shown in Eqn. 2.17, where κ is a
calculated coefficient having the value of 0.34, 2.17 or 2.081 depending on the study [19].
Qclamp = κ
(
lc
tc
)3
(2.17)
Thermoelastic damping is another example of intrinsic damping which occurs within the
cantilever beam structure. When a beam is oscillating localized expansions and compressions
occur within the beam structure. These compression regions result in a localized increase in
temperature and the expansion regions result in a localized decrease in temperature (assum-
ing a positive coefficient of thermal expansion) [20]. These changes in temperature within
the cantilever structure get dissipated into the surrounding medium resulting in energy loss
within the system. The quality factor resulting from the thermoelastic damping of a can-
tilever beam oscillating at its fundamental frequency is estimated in Eqn. 2.18 where α,
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Cp and κth is the linear thermal expansion coefficient, specific heat capacity and thermal
conductivity of the cantilever material [21, 22]. This equation holds for simple cantilever
structures, however more complex modeling is required for complicated structures such as
laminated or non-symmetrical beams.
QTED =
ρCp
Ecα2T0
1 + (ωcτ
2
z )
ωcτz
(2.18)
τz =
ρCpt
2
c
pi2κth
(2.19)
For cantilever based sensors a large component of the noise floor is the thermomechanical
oscillations. It is for this reason that a high quality factor due to thermoelastic damping is
desired. In order for a harmonic force to be distinguishable from the noise floor, the rms
amplitude of the driven cantilever oscillations must be greater than the oscillations caused
by thermal vibrations in the cantilever beam (Zrms). The rms amplitude of the driven
vibrations upon the cantilever can be approximated using Eqn. 2.20 where F is the force
which acts on the cantilever and Q is the total quality factor of the cantilever beam given in
Eqn. 2.13. The rms amplitude of the thermal vibrations can be estimated using Eqn. 2.21
where ∆f is the bandwidth of the measuring device, kc is the cantilever spring constant, ωc
is the operating frequency of the cantilever and T0 is the operating temperature (
◦K) of the
structure.
Arms =
4√
2pi
QF
kc
(2.20)
zrms =
(
4kBT0Q∆f
kcωc
)1/2
(2.21)
Since for MRFM experiments the force which acts upon the cantilever tends to be rather
small, the overall deflection of the beam it likely to be equally as small. In order to measure
such small deflections of the cantilever beam, a laser interferometer is used to measure
the both the cantilever tip amplitude and frequency. The minimum force detected by the
cantilever beam can be approximated using Eqn. 2.22 [23].
Fmin =
√
4kbTk
Qωc
[
N√
Hz
]
(2.22)
18
2.2.2 Permanent Magnet
Like traditional MRI experiments, the permanent magnet plays an important role in
magnetic resonance force microscopy. The permanent magnet is required to provide a ho-
mogeneous magnetic field at the sample location in order to have a uniform distribution of
Zeeman splitting within the sample. The magnitude of the external magnetic field, Bext
determines the operating frequency of the RF pulse and directly affects the thickness of
the resonances slice within the sample. In order to maximize the number of spins in the
resonance slice it is desirable to have a permanent magnet which has a large magnetic field.
A typical iron bar magnet can have a magnetic field strength around 0.2 Tesla. In
comparison bonded neodymium (Nd2Fe14B) magnets tend to have a magnetic field strength
of between 0.6 - 0.7 Tesla, whereas sintered neodymium magnets can have a magnetic field
strength between 1.0 - 1.4 Tesla. By aligning the magnetic field of two permanent magnets
in the same direction and using a spacer to separate the magnets, a relatively homogeneous
magnetic field can be found in the gap between the two magnets.
2.2.3 Ferromagnetic Particle
The ferromagnetic (FM) particle located near the tip of the MEMS cantilever serves
two purposes. The first objective is to introduce a magnetic field gradient in the otherwise
homogeneous magnetic field as given in Eqn 2.23 where µ0 is the permeability of free space
(µ0 = 4pi × 10−7H/M), r is its radius, and d is the separation between the FM particle and
individual nuclear spins [24]. The magnetization of iron is M = 1.76× 106[A/m]∣∣∣∣∂Bz∂z
∣∣∣∣ = 2µ0Mr3(r + d)4
[
T
m
]
(2.23)
F = ∇(m ·Bext) [N ] (2.24)
Fz(t) = mz(t)
∂Bz
∂z
[N ] (2.25)
The second purpose of the FM particle is to drive the MEMS cantilever tip by reacting
to changes in the net magnetization of the sample under test, resulting in a dipole magnetic
force being applied to the FM particle. Equation 2.24 indicates the force F that acts between
the FM particle and the sample is related to the magnetic moment of the sample, m, and
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the applied magnetic field, Bext. Equation 2.24 also indicates that a gradient is required for
a measurable force to be present; hence a large gradient in the magnetic field is desirable.
If its assumed that the sample under test is symmetrical about the z-axis then the x and y
components of the force cancel out resulting in a symmetrical force about the z-axis. The
resulting z-component of the reaction force can be expressed using Eqn. 2.25 [15].
2.2.4 RF Coil
The RF coil of a MRFM experiment is positioned such that the magnetic field from
the RF coil, B0, is perpendicular to the magnetic field of the permanent magnet, Bext, and
located as close as possible to the sample undergoing testing. Just like in traditional NMR
when the sample is under Zeeman splitting, the energy of the RF field excites the spins in the
α state to the β state. The frequency required for this transition is given by Eqn. 2.26 where
~Bd is the dipole magnetic field which acts between the FM particle and the sample spins,
given in Eqn. 2.27 for a spin located at the position (x,y,z). Vector ~m is the magnetization
of the spin, ~n is the unit vector of the Euclidean distance r and zc is the z-component of the
ferromagnetic particle position.
ωrf = γ
∣∣∣ ~Bext + ~Bd∣∣∣ [rad
s
]
(2.26)
~Bd =
µo
4pi
3(~m · ~n)~n− ~m
r3
[T ] (2.27)
r =
√
x2 + y2 + (z − zc)2 [m] (2.28)
~n = (
x
r
,
y
r
,
z − zc
r
) (2.29)
For a typical MRFM experiment the RF field is generated using a conventional 2-turn
copper wire coil with a radius of a few centimeters and is located approximately 2mm from
the cantilever tip. Due to the proximity of the permanent magnet and optical sensor to the
cantilever, the center of RF coil usually needs to be displaced from the center of the sample
and cantilever tip, where the applied magnetic field is maximum. Z. Zhang et al [25] proposed
the modified Alderman-Grant coil design shown in Figure 2.6. This design was machined
from a solid copper rod to form a 2 turn coil which has a thickness of 0.4mm, a length of 3mm
and a diameter of 3mm. The main advantage of this coil design is that it is possible to locate
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Figure 2.6: Modified Alderman-Grant coil proposed by Zhang [25] a. side and b. front
profile
the cantilever and sample at the center of the coil, where the coil magnetic field strength
is maximum. The gaps located at the top and bottom of this coil allow the cantilever to
be accessible to both the optical cable of the laser interferometer and the permanent bar
magnet. Both the simple copper wire coil and the modified Alderman-Grant coil designs are
viable options for the proposed sensor.
Figure 2.7: Example of MRFM apparatus.
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2.2.5 Theory of Operation
In a typical MRFM experiment, the sample under test is located a short distance above
or below the cantilever tip and the iron particle. As with an NMR experiment, the sample
is within the close vicinity of a strong permanent magnet with a magnetic field strength of
Bext which induces Zeeman splitting within the sample. The ferromagnetic particle on the
cantilever tip induces the required gradient in the otherwise homogeneous magnetic field as
given by Eqn. 2.23, which in turn affects the dipole magnetic field, Bd, which acts between
the FM particle and the individual spins within the sample. The spins within the sample
which share the same dipole magnetic field strength form what is called the Resonance Slice
which has a shape that is dictated by the shape of the FM particle. In this case, since the FM
particle has a hemispherical shape, the resulting resonance slice will also have a hemispherical
shape within the sample. The thickness of the resonance slice is directly proportional to the
magnitude of the external magnetic field, Bext. Since the spins within the resonance slice
have the same Bd, Eqn. 2.26 shows that for a ωRF of the appropriate frequency the spins
within the resonance slice will absorb some of the RF energy and transition between the α
and β states. Unlike NMR experiments where the RF pulse emitted from the sample during
a β to α transition is detected using a receiving antenna, MRFM experiments measure the
cantilever deflection due to the changes in the dipole magnetic force that acts between the
spin in the sample and the ferromagnetic particle.
There are multiple considerations for the RF pulse techniques used to manipulate the
magnetic moments of the sample under test, one such RF pulse consideration is a frequency
modulated RF pulse. In MRFM experiments it is necessary to measure the motion of the
cantilever tip, this leads to the ferromagnetic particle also being in motion. This results in
the dipole magnetic force, Bd being in a state of constant fluctuation and indicates that for a
fixed ωRF the resonance slice will move within the sample in accordance with the FM particle
movement during cantilever oscillations. In order to keep the resonance slice stationary while
the cantilever beam is in motion, ωRF needs to be modulated as it is pulsed through the
sample during the cycle of the cantilever oscillation. Another consideration is that since the
cantilever is always in motion, constantly applying the RF pulse will cause a near constant
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force to act on the oscillating cantilever beam. However for detection purposes it is desirable
to only apply a force on one of the up-swing or down-swing of the cantilever. This requires
that the emitted RF pulse needs to be disabled during the cantilever up-swing and enabled
on the cantilever down-swing or vice-versa. This harmonic force causes a resonance response
on the cantilever resulting in a larger deflection. An example of the modulated RF pulse is
shown in Figure 2.8 below.
Figure 2.8: Pulsed RF pulse modulated to cantilever position: a. Cantilever Position b.
RF waveform modulated to cantilever position c. RF pulse enabled during the downward
motion of the cantilever beam d. Final RF waveform
Another consideration is the duration of the RF pulse. This sequence is based on the
Rabi frequency of the spin under investigation, given by ωR = γB0 where B0 is the magnetic
field strength of the RF field. By applying an RF pulse with duration t = pi/ωR to the
sample the magnetic moment(µ) of the spin reverses its orientation within the sample; in
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MRFM experiments this is referred to as a pi-pulse. If a sequence of pi-pulses is applied to
the sample, the direction of µ changes periodically with a period equal to twice the time
interval between the pi-pulses. If the magnetic moment is pointing in the direction of the FM
particle, then the magnetic dipole force attracts the FM particle, whereas if the magnetic
moment is pointing away from the FM particle, the dipole force repels the FM particle [4].
Figure 2.9: Amplitude of RF pi pulse and the reaction of the magnetic moment.
It can be seen that by taking into consideration frequency modulation and using a periodic
pi-pulse, the applied RF pulse generates a periodic magnetic force that acts on the FM particle
and the cantilever tip. If the period of this magnetic force is the same as the cantilever period,
then the force will drive resonance vibrations of the cantilever. A measurable signal can be
observed if the amplitude of the resonance vibration exceeds the amplitude of the thermal
vibrations of the cantilever.
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2.3 Botrytis Cinerea
Botrytis Cinerea is a fungal species which belongs to the Sclerotiniaceae family of fungus
that affects over 200 plants including grape, strawberry, tomato and pepper crops [26]. The
fungal infection on such crops is referred to as noble rot or grey mold disease, depending on
when the initial stages of infection occur, and results in the surface of the host plant or fruit
being covered in a fuzzy grey mold (Figure 1.1a). The spore composition of botrytis cinerea
includes of a complex network of interior cell walls which isolates the spore membrane from
toxins carried within. Once such toxin is botcinolide, which get secreted from the spore and is
used to help break down the exterior layer of the host plant to ease the infection process [27].
Like other fungus, botrytis cinerea spores spread amongst hosts via air currents, ground
water or insects carrying spores. The botrytis spore has a lemon shape with an average
length of 12µm and an average diameter of 7µm, as shown in Figure 1.1b, this results in
an approximate volume of 226µm3 [28]. DNA based kits are available for detection of the
botrytis cinerea fungus, however the spores can be glued to a surface using a specifically
harvested antibody
2.3.1 Monoclonal Antibodies
Antibodies are a type of protein found in the immune system of animals to fight off
infection due to viral, bacterial or fungal infection. The antibodies have a special receptor
called a paratope which form chemical bonds between themselves and the epitope of the host
infection [29]. There are various types of antibodies used in immunology, including polyclonal
and monoclonal antibodies. Polyclonal antibodies are proteins that have paratopes which
can interact and bond to multiple epitopes from different types of infections, making it
ideal for collecting a broad range of potential infections. In contrast, the paratopes of
monoclonal antibodies are cultivated to target a single type of epitope, which allows for a
higher selectivity of the infection in which the antibody binds to [30]. Although the chemical
interactions between paratopes and epitopes can be complex in nature, figure 2.10 gives a
simplified visualization of paratope/epitope bonding.
BC-12.CA4 is a monoclonal antibody manufactured by the National Institute of Health in
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Figure 2.10: Visual depiction of monoclonal antibody binding. Note that while different
paratopes exist only one can bind to the epitope
the USA and distributed by The Developmental Studies Hybridoma Bank at the University
of Iowa. This antibody is harvested from the liver of mice and has paratopes which chemically
binds specifically to the epitopes located on the exterior of the botrytis cinerea spore. A
layer of the BC-12.CA4 antibody will be spread on the sensor such that the spores that enter
the sensor and adhere to this layer are within the sensing range of the cantilever beam.
2.3.2 Solid State NMR of spore
In order to determine the organic hydrogen component of the botrytis cinerea spore,
a solid state NMR was performed on a large number of the spores. The botrytis spores
were grown and harvested by the spore lab at the University of Saskatchewan Department
of Agriculture using 32 8′′ × 5′′ aluminum trays and the following procedure. A piece of
white bread was placed into each of the trays and autoclaved with high pressure steam for
20 minutes to sterilize the tray and bread. Once the trays cooled, 375 mL of autoclaved
potato dextrose agar (PDA) was poured into each tray. The trays were then covered and
left overnight to allow the PDA media to solidify. The botrytis serum was prepared using
isolated botrytis cinerea spores and has a concentration of approximately 2.0 × 105 spores
per mL; 5 mL of the serum was spread on each tray. A piece of autoclaved aluminum mesh
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was then placed directly on the media to allow the vegetative parts of the fungus to grow
through. The trays were incubated at 21 ◦C in the dark for two weeks.
(a) (b)
Figure 2.11: Botrytis cinerea spores a. attached to the conidia. b. harvested by vacuum
process
After the two week incubation period the spores were separated from the conidia and
collected using a vacuum system with a small collection cylinder equipped with a Whatman
grade 1 (11µm) filter paper. Figure 2.11 shows the botrytis spores attached to the conidia
and the spores after collection with the vacuum. The collected spores were then dried in an
oven at 32◦C for several hours to remove excess moisture. The spores were then transferred
to the magic-angle spinning (MAS) rotor used for the solid state NMR using the packing
tools which came with the rotor. Two batches of spores were examined using the 360 MHz
Bruker Avance spectrometer with solid state NMR capabilities shown in Figure 2.12a owned
and operated by the NMR lab at the National Research Council located at the University
of Saskatchewan. The experiment was performed using the 4mm Cross Polarization MAS
probe shown in Figure 2.12c. Figure 2.12b shows the MAS rotor used (on left, beside the
ruler), funnel and packing tool (top center and right) and the cap removal tool (bottom
center) used. The rotor is made from zincronium and has a Kel-F cap, both materials are
used because of their lack of hydrogen atoms and are a standard for solid state NMR.
The spectra acquired using the solid state NMR are given in Figures 2.14 and 2.15 for the
first and second batches of spores run. Both spectra indicate that there is a large concentra-
tion of organic hydrogen within the botrytis spore, suggesting that there are numerous 1H
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(a) (b)
(c)
Figure 2.12: Tools used in MNR experiment: a. 360 MHz Bruker Avance spectrometer, b.
MAS rotor and packing tools, c. 4mm Cross Polarization MAS probe.
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spins which can be manipulated by the proposed MRFM based sensor. Using Shoolery’s rule
on the chemical formula for botcinolide (Figure 2.13) it is possible to estimate the chemical
shift for the CH3 molecules. The chemical shift of the CH3 molecules labelled ’a’ through ’e’
on Figure 2.13 are estimated using Shoolery’s rule and the spectral peaks in Figures 2.14 and
2.15 are labeled accordingly. It is easy to see that all the points except point ’e’ belong to
the broad peak range between 3.0 and 7.5 ppm. The broad peak is a result of the electrons
which travel along the carbon ring portion of the botcinolide molecule. The electron motion
about the ring acts as a large current loop within the structure, which magnetically shields
the hydrogen atoms attached to the ring. The different orientations between the external
magnetic field and the carbon ring results in a broadening of the spectral peak.
Figure 2.13: Chemical formula for botcinolide
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Table 2.4: Chemical shifts for CH3 molecules of botcinolide.
CH3 (a) CH2 −H −O −OH 0.23 + 0.17 + 2.36 + 2.56 5.32 ppm
CH3 (b) CH2 −H −OH −OH 0.23 + 0.17 + 2.56 + 2.56 5.52 ppm
CH3 (c) CH2 −H − CO −OH 0.23 + 0.17 + 1.70 + 2.36 4.66 ppm
CH3 (d) CH2 −H − CO − CO 0.23 + 0.17 + 1.70 + 1.70 3.80 ppm
CH3 (e) CH2 −H − C = C 0.23 + 0.17 + 1.32 1.72 ppm
Figure 2.14: Solid NMR spectrum of the first batch of botrytis cinerea spores. The peaks
labelled ’a’ through ’e’ correspond to the respective CH3 molecule in Figure 2.13 and calcu-
lated using Table 2.4.
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Figure 2.15: Solid NMR spectrum of the second batch of botrytis cinerea spores. The
peaks labelled ’a’ through ’e’ correspond to the respective CH3 molecule in Figure 2.13 and
calculated using Table 2.4.
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3. Simulation and Results
In order to determine the feasibility of the proposed mold spore sensor, multiple simula-
tions were performed to determine the response of the sensor and revise the design character-
istics. The sensitivity of the sensor is heavily reliant on the characteristics of the cantilever
beam such as spring constant, resonant frequency and mechanical quality factor. A minimal
change in one parameter of the cantilever beam can affect several others, sometimes with
drastic effects. In order to track the effects of parameter changes and maximize the sensi-
tivity, simulations were performed to estimate the operating characteristics for the proposed
sensor and estimate the dipole magnetic force which occur from a magnetic resonance force
microscopy experiment.
Two simulation tools were used to determine the characteristics of the sensor. MATLAB R©
was used to determine the force which acts between the sample and the ferromagnetic par-
ticle attached to the paddle of the cantilever. MATLAB was also used to estimate the
cantilever dimensions, the resulting natural resonance frequency and various damping mech-
anisms. COMSOL Multiphysics R© was used to verify the operation of the cantilever beam as
well as verify the damping factors which affect the cantilever. A time domain analysis was
performed on the cantilever structure in COMSOL and was used to calculate the response of
the cantilever beam when under the influence of the load estimated by the MATLAB script.
The simulations and calculations done compared two cantilever beams made from two
different materials, silicon and silicon nitride. Table 3.1 outlines the key properties of these
materials. At the end of the cantilever beam is a square paddle with dimensions of 10µm×
10µm and a thickness equal to the thickness of the cantilever beam. At the center of the
paddle is a hemispherical ferromagnetic particle made of iron with a radius of 1.5µm. It
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is assumed that the sensor will be required to operate in an outdoor environment at a
temperature up to 300◦K (26.85◦C). The properties for the iron particle and operating
environment of the cantilever beam are given in Table 3.2. The first step in the design of
the proposed sensor is to determine the cantilever dimensions and the magnitude of the
magnetic force which results from a MRFM experiment, both of which were estimated using
MATLAB.
Figure 3.1: MEMS cantilever used for magnetic resonance force microscopy
3.1 MATLAB
MATLAB was used to estimate the properties of the MEMS cantilever. The MATLAB
script inputs a target for natural resonance frequency, then uses the material properties given
in Table 3.1 and 3.2 and a combination of Eqn. 2.5a through 2.22 the script estimates the
dimensions, mass and critical damping of the MEMS cantilever. As the dimensions of the
cantilever beam changes, so does the mass and spring constant of the beam and therefore
the resonance frequency of the beam. The script starts by estimating the spring constant
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Table 3.1: Material properties of silicon and silicon nitride [18].
Quantity Symbol Value
Silicon Density ( kg
m3
) ρ 2330
(Si) Young’s Modulus (GPa) E 170
Coefficient of thermal expansion( 1◦K ) α 2.6× 10−6
Thermal conductivity ( W
m ◦K ) κth 130
Specific heat capacity ( K
kg◦K ) Cp 700
Silicon Nitride Density ( kg
m3
) ρ 3100
(Si3N4) Young’s Modulus (GPa) E 250
Coefficient of thermal expansion( 1◦K ) α 2.3× 10−6
Thermal conductivity ( W
m ◦K ) κth 20
Specific heat capacity ( K
kg◦K ) Cp 700
and resonance frequency of the cantilever beam alone, then the mass of the paddle and
iron particle attached to the end of the cantilever beam and the resonance frequency is
recalculated. The script then modifies the dimensions of the cantilever beam in order to get
the resonance frequency of the cantilever beam to approach the desired target frequency.
Figure 3.2 shows the flowchart of the script used to estimate the cantilever properties. For
these calculations, the cantilever thickness was fixed at 200 nm, which helps considerably to
reduce the spring constant of the cantilever while maintaining the structural integrity of the
beam.
Table 3.2: Material properties of iron and the operating environment of cantilever beam.
Quantity Symbol Value
Iron Density ( kg
m3
) ρ 7860
(Fe) Radius (µm) r 1.5
Operating Environment Temperature (◦K) T0 300
(Air) Pressure (Pa) P0 300
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The script also takes into account the operating temperature and pressure of the cantilever
environment which are used to calculate the dynamic viscosity, density and mean free path
of the fluid surrounding the cantilever beam, in this case air. The script then estimates the
individual mechanical quality factors for clamping, thermoelastic, Stoke’s and squeeze film
damping using a combination of Eqn. 2.13 through 2.19. In the interest of minimizing the
effects of air damping the operating pressure of the cantilever beam is assumed to be 300
Pa. This operating pressure is maintainable using a rotary-valve vacuum pump and can
be sealed within the sensor packaging if capped using the techniques introduced in Section
4.5. From the quality factors calculated the script estimates the total quality factor of the
cantilever setup. The script then modifies the cantilever dimensions in order to maximize the
total quality factor of the cantilever setup. The cantilever dimensions obtained through this
script will be inputted into COMSOL for verification and as a starting point for additional
simulations performed using that software, which is discussed in the next section.
A second MATLAB script uses a number of equations from Sections 2.1 and 2.2 to
estimate location of the resonance slice within a sample and determine the dipole magnetic
force that acts between the resonance slice and the iron particle. The samples used for the
simulation were blanks with a homogeneous distribution of hydrogen atoms. The distance
between hydrogen atoms within the sample is assumed to be 2.2 nm, which is approximately
twenty times the length of the average hydrogen-carbon bond and gives an approximate spin
density of 9.6 spins
100nm3
[31]. The spin density is then inserted into the Boltzmann distribution
given in Eqn. 2.5a resulting in a reduced spin density of 2.4 spins
nm3
at an operating temperature
of 300◦K and a magnetic field strength of 0.9 Tesla. Next the script calculates the distance
between the spins within the sample and the iron particle assuming there is only air between
the two.
Using the position of the spins, the script calculates the RF frequency required to invoke
the resonance reaction at the top and bottom faces of the sample. The script then cycles
through multiple iterations of the applied radio frequency equally spaced between the max-
imum and minimum frequencies determined in the previous step. During each iteration the
dipole magnetic field is calculated at each individual spin, which is then checked using Eqn.
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Figure 3.2: Flowchart for determining cantilever dimensions from material properties and
target resonance frequency
2.26 to see if the resonance condition is satisfied. If the resonance condition exists the script
calculates the magnetic field gradient at that spin location and estimates the z-component
of the dipole magnetic force which acts between the spin and the iron particle. The script
finishes by summing the individual forces from each spin resulting in the net dipole magnetic
field which acts between the spins in the resonance slice and the ferromagnetic iron tip at
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Figure 3.3: Flowchart for determining dipole magnetic force between sample and iron tip.
the tested RF frequency. Figure 3.3 shows the flowchart for this second MATLAB script.
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3.2 COMSOL Multiphysics
COMSOL Multiphysics (previously known as FEMLAB) is a simulation tool that utilizes
finite element analysis and coupled partial differential equations to simulate an assortment
of physics applications for a number of topics including electric, magnetic and structural and
fluid dynamics. For this study COMSOL was used to verify the cantilever design using eigen
frequency, frequency domain and time domain analysis. Using the structural mechanics
module, an eigen frequency analysis calculates the resonance frequencies and the shapes
of the structure at those modes. This design requires the fundamental mode of cantilever
oscillation, which corresponds to λ1 given in Section 2.2.1.
Once the cantilever dimensions and resonance frequency were verified, the thermal stress
module was used to estimate the thermoelastic damping of the cantilever caused by localized
stress/strain as the beam oscillates. A thin-film boundary condition was added to the model
to simulate the air gap that the cantilever operates in. By specifying the operating environ-
ment of the cantilever beam and the surrounding medium COMSOL is able to include the
effects of both Stoke’s and squeeze damping which acts on the beam as well. The cantilever
quality factor can be estimated from the COMSOL simulations by using the results of the
frequency analysis spectrum and Eqn. 3.1 where f0 is the frequency where the maximum
displacement occurs and ∆f is the difference between the frequencies where the displacement
is half of the maximum deflection.
Q =
f0
∆f
(3.1)
Once the cantilever behavior has been determined, the force/frequency spectrum acquired
from the second MATLAB script was inserted into the COMSOL model to interpolate the
applied magnetic force upon the ferromagnetic particle for a given operating frequency. Using
these conditions a time-domain analysis of the model was run to determine the time necessary
for the cantilever to move from its rest position to sustainable harmonic oscillations with an
amplitude greater than twice the theoretical amplitude of thermal vibration of the beam.
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3.3 Results and Discussion
In the first MATLAB script, the target resonant frequency of the cantilever beam was
10 kHz. The beam was fixed at one end and had an attached load at the other end. The
load mentioned is the 10µm× 10µm paddle and the attached iron particle. Once the script
determined the dimensions of the cantilever which gives the desired resonance frequency,
the script then take temperature and pressure inputs and calculates the properties of the
surrounding air. This information was used to estimate the quality factor of the cantilever
within the defined environment. This script was run for both silicon and silicon nitrite; the
operating parameters and results are shown in Table 3.3
Table 3.3: Calculated parameters from MATLAB script
Environmental Parameters and Constants
Temperature 300 (◦K)
Pressure 300 (Pa)
Target Cantilever Freq. 10 (kHz)
Cantilever Thickness 200 (nm)
Cantilever Pad Size 10 x 10 (nm)
External Magnetic Field 0.9 (T)
Results Si Si3N4
Cantilever freq. 9.982 10.006 (kHz)
Cantilever length 116.7 119.5 (µm)
Cantilever width 2.12 2.17 (µm)
Spring Constant 454× 10−6 636× 10−6 (N
m
)
QSqueeze 1311.3 1674.6
QStokes 36.2 48.3
QThemoelastic 35.1 105.7
QClamp 417.2× 109 447.9× 109
QTotal 31.6 32.51
Min detectable force 544.5× 10−3 804.9× 10−3 (fN)
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Once the cantilever dimensions are estimated, they were imported into COMSOL for
additional refinement. An eigen frequency analysis on the parameters given in Tables 3.1
and 3.3 results in a slight variation of the cantilever resonance frequency. The main reason
for this deviation is due to the mass distribution between the fixed and free end of the
cantilever. Once the cantilever dimensions have been updated, a stationary analysis was
done on the cantilever to determine the natural deflection of the cantilever under the weight
of the iron particle alone. In order to determine the spring constant for the cantilever
beam, an incremental force was applied to the iron particle and the stationary deflection
was calculated again, then using the relationship δ = F
k
[18] where δ is the deflection of the
cantilever tip and F is the force applied to the end of the cantilever beam. The result of the
above analysis for both silicon and silicon nitride is given in Table 3.4.
Table 3.4: Calculated parameters from COMSOL model
Si Si3N4
Cantilever length 107.1 114.8 (µm)
Cantilever width 2.00 2.00 (µm)
Cantilever freq. 10.010 10.006 (kHz)
Spring Constant 79.1× 10−6 80.6× 10−6 (N
m
)
Natural deflection 2.77 2.82 (nm)
The next step of the analysis is to apply a small (-50 fN) harmonic load upon the iron
particle to determine the quality factor of the cantilever at and around the resonant frequency.
The frequency domain analysis calculates the deflection of the cantilever tip as the harmonic
load is applied over a range of frequencies. The results of the analysis in Figure 3.4 shows
that with a 50 fN harmonic force, the silicon cantilever will have a maximum deflection of
277 nm and the silicon nitride cantilever has a maximum deflection of 290 nm. These results
indicate quality factors of 57.8 and 59.9 for the Si and Si3N4 cantilevers respectively given
only stress-strain and clamp damping only.
In order to incorporate Stokes and squeeze film damping into the model, a squeeze-
film boundary layer was added to the cantilever beam. This boundary condition takes into
40
(a)
(b)
Figure 3.4: Results of the minimally damped frequency analysis of a. Silicon cantilever b.
Silicon nitride cantilever
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account the density and temperature of the surrounding air as well as the size of the air gap to
apply damping and drag forces upon the cantilever beam as it oscillates. The thermal stress
module was imported into the model and used to add the effects of thermoelastic damping
to the cantilever beam. Another frequency analysis was performed on the model to calculate
the quality factor of the fully damped system. The results of the fully damped simulation are
presented in Figure 3.5 and shows that the silicon cantilever will have a maximum deflection
of 140 nm and a mechanical quality factor of 28.7. In comparison the simulations show that
the silicon nitride cantilever has a maximum deflection of 140 nm and a quality factor of
30.0.
Once the cantilever parameters were finalized, the second MATLAB script was used to
calculate the dipole magnetic force which acts between the iron particle and spins in the
sample where the resonance condition exists. The script defined the external magnetic field,
Bext, as 0.9T and the emitted RF field, B0, at 300 µT. The script used was first tested
using a cube shaped blank of size 2µm× 2µm× 2µm with a spin density of 9.4 spins
100nm3
and a
distance from the iron particle of 2µm. The script calculated that for the given conditions,
the 1H spins produce an estimated maximum force of 380 fN when the RF pulse is 38.44
MHz, shown in Figure 3.6a. Notice the resonance slice given in Figure 3.6b is symmetrical
about both the x and y axis assuming the center of the sample is located directly beneath
the iron particle. This symmetry will be used in the next run of this script where the sample
size is much larger. During this script run, it was found that the gradient of the magnetic
field ranged from 10,000 T
m
at the bottom face of the blank to 100,000 T
m
at the top surface.
The second run of this script was performed on a lemon shaped botrytis spore. The
volume of the botrytis blank is approximately 40 times larger than the volume of the square
blank used in the last simulation run. In the interest of reducing the run time of the
simulation which increases drastically with the volume of the sample, the simulations take
advantage of the symmetry of the resonance slice noted above and run the simulation on a
1/4 section of the botrytis blank cut about the X and Y axis.
The script assumed that the top of the sample was located 5 µm above the cantilever
in its stationary position and the results are presented in Figure 3.7b. At this position the
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(a)
(b)
Figure 3.5: Results of the fully damped frequency analysis of a. silicon cantilever b. silicon
nitride cantilever
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(a)
(b)
Figure 3.6: Magnetic resonance force microscopy results for a 2µm×2µm×2µm homogeneous
blank a. Dipole magnetic force spectrum estimated for a given frequency b. location of the
resonance slice at 38.44 MHz
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force which acts upon the cantilever has a maximum of approximately 340 fN at 38.372 MHz
and a measurable force is generated between 38.29 MHz and 38.60 MHz. The script was
then re-run with the cantilever displaced by ±1µm to determine the change in the resonance
frequency as the cantilever oscillates. Referring to Figure 3.7b it can be shown that when the
cantilever is oscillating, the frequency modulation of the RF pulse needs to swing between
38.35 MHz and 38.39 MHz at a rate of 16 Hz/nm of cantilever swing and the resulting dipole
force can oscillate between 480 fN and 230 fN at a rate of approximately 0.1257 fN/nm.
When comparing the results from the 2µm× 2µm× 2µm cubed blank with a 2µm sep-
aration and the spore shaped blank 5µm from the cantilever tip, there are a number of
similarities and differences in the resulting force spectra. The first similarity to notice is
that frequency which results in the maximum force have comparable values (65 kHz differ-
ence), this is because Eqn. 2.26 is dominated by Bext and reinforces the concept the external
magnetic field determines the operating frequency of the RF pulse. Another similar fea-
ture between the two simulations is the maximum dipole magnetic force which occurs are
comparable (35 fN difference) while the separation between the cantilever tip is significantly
different. This feature is due to the result of the physical size of the sample. For the botrytis
blank, the number of spins in the resonance slice is approximately an order of magnitude
larger than the number of spins in the cube blank, so while the dipole magnetic force of each
individual spin is small, the resulting magnetic force from all the spins in the resonance slice
is much larger.
The differences between the two spectra give information about the shape of the sample.
The slope of the force spectrum in Figure 3.7a. is steeper than the slope in Figure 3.6a..
This is due to the shape of the resonance slice as is passes through the sample at each step in
the RF frequency. The resonance slice, which has a hemispherical shape, enters the bottom
face of the cube blank in a ring shape fashion. As the RF frequency increases the resonance
slice shifts upwards and more of the slice enters the sample, and eventually the slice exits
the sample cube out the upper face. When the resonance slice enters and exits the sample,
the number of spins which make up the resonance slice increases or decreases at a small rate,
which gives a shallow slope on the force-frequency spectrum. In comparison, the number
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of spins in the resonance slice that enters or exits the lemon shaped botrytis spore blank
increases and decreases more rapidly due to the concave shape of the slice and the bottom
surface of spore, which results in steeper slopes on the force-frequency spectrum.
Using the information obtained in the previous simulations, the final simulation of the
sensor involves inputting the data from the MATLAB MRFM simulation of the botrytis
spore into a time dependent study was performed on the cantilever structure in COMSOL.
The interpolated force is applied to the iron particle which induces harmonic oscillations in
the cantilever beam. As the cantilever oscillates, the applied RF pulse is modulated on and
off such that the dipole magnetic force is applied while the cantilever is in its down-swing
to increase the amplitude of the oscillation. Using Eqn. 2.21 and the cantilever values in
Table 3.4 it is estimated that the amplitude of the thermal vibrations is approximately 5
nm. Figure 3.8 shows that when a harmonic load of 100 fN (RF frequency of approximately
38.3 MHz) is applied to the silicon nitride cantilever, the harmonic oscillations overcome the
thermal noise and reaches 10 nm after the RF pulse has been applied for approximately 4
ms, this displacement increases to 60 nm after 22 ms. The silicon cantilever has a thermal
oscillation amplitude of approximately 4 nm and the same harmonic oscillations reach an
amplitude of 8 nm in 5 ms and an amplitude of 60 nm in 18 ms, the harmonic response of
the cantilever is shown in Figure 3.9.
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(a)
(b)
Figure 3.7: Magnetic resonance force microscopy results for the botrytis spore blank a.
Force spectrum of sample located 4µm, 5µm and 6µm from the cantilever. b. Location of
resonance slice at 38.375 MHz.
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Figure 3.8: Cantilever deflection (blue) and applied dipole magnetic force (green) for the
silicon nitride cantilever
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Figure 3.9: Cantilever deflection (blue) and applied dipole magnetic force (green) for the
silicon cantilever
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4. Sensor Design Considerations
This chapter will review the manufacturing consideration and procedure for the proposed
mold spore sensor. It starts with the design criteria for the MEMS cantilever beam, perma-
nent magnet and RF coil. This chapter will then discuss the supporting electronics and how
they tie the components of the sensor together to detect the presence of a mold spore. The
following section will discuss the manufacturing process of the proposed sensor and Section
4.7 defines the sequence of operation for the calibration and operation of the spore sensor.
Figure 4.1 shows a simplified example of the proposed sensor arrangement without the mag-
nets and RF coil, and Figure 4.2 shows the sensor in relation to the permanent magnets and
RF coil.
Figure 4.1: Simplified mold spore sensor setup
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Figure 4.2: Proposed mold spore sensor with permanent magnet and RF coil.
4.1 MEMS Cantilever Design
Micro Electromechanical Systems are fabricated using a combination of photo lithog-
raphy, CMOS fabrication techniques and material etching to create simple structures in
materials such as silicon (amorphous, single crystal, doped, ect.), germanium and gallium
arsenide. It is possible to introduce other metals and materials to the MEMS structure by
including additional techniques such as sputtering and chemical vapor deposition to the fab-
rication process. Additional materials that can be added to a structure include iron, gold,
titanium and silicon nitride.
As mentioned in the Chapter 2, for a typical MRFM setup the MEMS cantilever must
possess a number of key characteristics such as a high quality factor (Q), a low spring
constant, and an ideal natural resonance frequency between 10-15 kHz to help decouple the
cantilever beam from vibrations outside the sensor [23]. The combination of these three
characteristics reduces the minimum force detectable by the cantilever, as given in Eqn.
2.22. This section will be focusing on the silicon nitride cantilever discusses in Chapter 3.3
with the characteristics given in Table 3.4. The cantilever assembly has a collective mass
of approximately 260 fg, a spring constant of 80.6 × 10−6 N/m and a natural resonance
frequency of 10 kHz.
The paddle at the end of the cantilever serves two purposes. The first function is to
act as a mounting point for the hemispherical iron particle with a radius of 1.5µm. The
51
second purpose is to act as a reflective plane for the laser interferometer which measures the
cantilever tip position during oscillations caused by the experiment.
4.2 Magnetic Materials
For the MRFM setup there are two magnetic systems that need to be considered. The
first is the Ferromagnetic particle located in the center of the silicon paddle used to measure
the change in the dipole magnetic force of the sample. The second magnetic system is the
permanent magnet which is used to induce Zeeman splitting within the sample. The location
and design of these magnetic systems greatly influences the overall operation of the sensor.
The ferromagnetic particle located on the paddle of the cantilever needs to be designed in
such a way that there is enough iron to make the FM particle susceptible to minute changes
in the dipole magnetic field of the sample without adding excessive mass to the cantilever.
Eqn. 4.1 can be used to determine the number of atoms in the iron particle, where Na is
Avogadro’s number (6.022× 1023 1
mol
), the density, ρ, of Fe is 7.86 g
cm
and atomic mass, Mat,
of 55.85 kg
mol
[8]. The iron particle used with a hemispherical shape and a radius of 1.5 µm
has approximately 6× 1011 atoms on which to act upon the induced dipole force, and has a
mass of 55.6 fg.
ηat =
ρNa
Mat
(4.1)
The design of the permanent magnet has a bit more leeway then the FM particle. It is
possible to use a pair of large permanent magnets to provide a homogeneous magnetic field,
βext, upon the sample. The magnets should be aligned such that the MEMS packaging and
sample can be placed in the gap between the two magnets, as indicated in Figure 4.2. This
configuration should provide a relatively homogeneous Zeeman splitting. For this design, it
is desirable for the magnetic field strength between the two magnets to be a minimum of 0.5
Tesla, with an ideal strength of 0.9 Tesla. Ideally the magnetic field distribution between
the two magnets should be less than 1 T
m
to provide a uniform magnetic field to the sample
under test.
An alternative to the permanent magnet configuration mentioned above is the use of a
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solid core electromagnet to provide the magnetic field. The advantage of using an electro-
magnet is that the field can be fine tuned to provide an optimal magnetic field strength.
Care needs to be taken in the design of this electromagnet, as the magnetic field distribution
needs to be as homogeneous as possible to prevent inconsistencies in the resonance signal.
4.3 RF Coil Design
The cantilever is designed such that the ratio between the applied RF frequency and
the resonance frequency of the cantilever is greater than or equal to 10:1 which allows for
the multiple cycles of the RF pulse to influence the net magnetization of the sample during
a single oscillation of the cantilever [23]. For testing purposes, this design will be using
a multi-turn RF coil made from copper wire located outside the MEMS packaging. This
option has the advantage over MEMS based coils for this application including the ease of
manufacturing and higher current carrying capacity of the larger copper wire to drive the
RF pulse. With proper placement the RF coil can be aligned with the cantilever and the
sample in such a way that the sample is located in the center of the coil loops, where the
magnetization field of the RF pulse is maximum. Future considerations may include the
adaptation of the coil design proposed by Zhang reviewed in Section 2.2.4 machined from a
copper rod with a radius slightly larger then the final package size of the sensor. For this
design, the RF coil is required to provide a magnetic field strength of approximately 300 µT.
4.4 Supporting Electronics
In addition to the magnetic resonance force microscopy setup described previously, there
is a number of supporting electronic components which need to be incorporated into the
final sensor packaging to provide accurate detection of spores. Such components include
temperature and magnetic sensors to monitor the ambient conditions of the sensor. A laser
interferometer focused on the cantilever such that the laser reflects off the cantilever paddle
and onto an optical position sensor can be used to monitor the cantilever position and oscil-
lation frequency. For this design, an optical position sensor with a minimum 1nm resolution
is required to accurately trace the position of the cantilever beam during oscillation.
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An embedded or external micro-controller is responsible for controlling the signal sent to
the RF coil. The frequency of the RF signal passed to the coil is modulated based on the
cantilever position, which is monitored by the micro-controller using the laser interferometer.
The laser interferometer is also used for detecting the deflection of the cantilever during the
harmonic oscillations caused by the spin flips of the sample during the MRFM experiment.
The micro-controller will also have outputs for warning indicator LEDs which inform the
operator of the status of the sensor and if it detects the presence of a mold spore. Since the
most important signal of the sensor is the cantilever position given by the optical position
sensor, its required that the micro-controller has an analog-to-digital converter (ADC) with a
minimum of 10-bit resolution. Likewise the digital-to-analog converter (DAC) of the micro-
controller should have a minimum resolution of 10-bits. The temperature and magnetic
sensors do not require the same ADC requirements as the optical position sensor. In the
event that the micro-controller is responsible to a number of spore sensors in an array, the
temperature and magnetic sensors can be used for the entire array. Therefore the number of
ADCs required by the micro-controller is N + 2 where N is the number of cantilever beams
within the sensor. For example, the ATMEL SAM3S4C offers 15-10/12 bit ADCs and 2-12
bit DACs, which can support a 3 x 4 sensor array with one DAC and ADC remaining open
for additional functionality. Figure 4.3 shows a functional description of the micro-controller
and the supporting electronics and Section 4.7 breaks down the sequence of operation of the
sensor.
Figure 4.3: Micro-controller inputs and outputs.
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4.5 Packaging Considerations
A number of considerations must be taken into account with the IC packaging of this
mold spore sensor to prevent damage to the structure, maintain the operating environment
of the cantilever and allow for an area which can be used as a sample slide where the spores
can adhere to the monoclonal antibody with minimal damping of the magnetic force which
acts between the cantilever and the sample.
The greatest packaging consideration is allowing the botrytis spores to adhere to the
sensor within measuring range of the ferromagnetic particle and the magnetic field gradient
which the iron tip produces. There are two methods which can be explored. The first method
is to sandwich the cantilever structure between two plates of glass approximately 1 µm thick
and located 3 µm above and below the cantilever beam. This approach can be completed
under a fine vacuum, making it possible to seal the cantilever structure in the required 300
Pa operating pressure between the glass plates. By selectively coating the upper glass plate
with a monoclonal antibody layer approximately 1 µm thick, it is possible to get the spore
to adhere to the sensor packaging within 5 µm of the iron particle as simulated in Section
3.3.
The second method to get the spores within sensing range of the cantilever involves
funneling the spores into the IC packaging, through an air pathway separated from the
cantilever chamber and onto a thin sample slide within the IC. The downside to this approach
is that the air containing the spores must be filtered to minimize contaminants which can
plug the airways within the IC. The advantage of this configuration is that as long as the
sample slide can be removed and replaced while maintaining the vacuum to the cantilever
portion of the IC, then the exterior packaging can be made of a thicker and stronger material.
In order to maintain the operating environment of the cantilever beam, the MEMS pack-
aging needs to be hermetically sealed to help maintain the low vacuum pressure of 300 Pa.
The packaging may need to provide an external port to attach to a low vacuum displacement
pump to maintain the vacuum in case of the hermetic seal failure, causing an increase in
pressure. The hermetically sealed packaging also helps to lock out moisture that may con-
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dense on the cantilever structure which can result in cantilever beam sticking to the lower
or upper glass layers.
4.6 Manufacturing Process
While there are many different design considerations which may be examined to improve
the sensing capability of the proposed sensor, a proof of concept sensor first needs to be
manufactured and tested to verify operation. A number of steps are required in order to
manufacture a prototype of the sensor. Starting with a silicon wafer 2µm thick, apply a
positive tone resist such as polymethylmethacrylate (PMMA) and using an electron beam
writerpattern a circle with a diameter of 3µm into the resist deep enough to reach the silicon
wafer below. After developing the exposed resist in a Methylisobutylketone/Isopropanol
(MIBK/IPA) solution then rinsed in isopropanol and dried, the result is a 3µm wide hole
in the resist where the iron particle will be seated. A thin layer of Chromium/Gold alloy is
evaporated onto the structure to act as a plating base which is then electroplated with iron
until the hole is 75% filled.
Working in the 〈100〉 plane of the silicon wafer, the cantilever beam, paddle and support-
ing structure are next patterned into the PMMA and developed. A layer of silicon nitride
approximately 200 nm thick is deposited on the exposed silicon using low-pressure chemical
vapor deposition (LPCVD). The silicon nitride layer acts as a capping layer for the exposed
iron particle, preventing corrosion during the remaining manufacturing process and the life
of the sensor. After the deposition process, the remaining mask is stripped from the struc-
ture. Figure 4.4 presents the layout of the iron and silicon nitride development process and
Figure 4.5 shows a proposed mask for cantilever patterning.
Placing the structure in a potassium hydroxide (KOH) bath, the exposed silicon is etched
away while the deposited silicon nitride is not. As the KOH etches the wafer it will etch
the silicon under the mask and will eventually free the silicon nitride cantilever beam from
the silicon substrate. Since KOH causes anisotropic etching when used with silicon, the side
wall profile of the surrounding support structure will be etched at an angle of 54.7◦ to the
surface of the structure [32]. Figure 4.6 shows a cross section of the structure to show the
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Figure 4.4: Cross section for process of depositing iron and silicon nitride to form cantilever
paddle and iron particle assembly.
side wall profile of the support and the suspended silicon nitride cantilever.
The final etched structure can be sealed between thin glass wafers on silicon supports
using either silicon fusion bonding or anodic (electrostatic) bonding under the 300 Pa vacuum
conditions that the cantilever will operate in. The glass wafers act to protect the cantilever
structure and maintain the vacuum within the structure. The top glass layer needs to be
as thin as possible to maintain the vacuum without adding too much distance between the
ferromagnetic particle and the sample, this glass layer will act as the sample slide which will
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Figure 4.5: Mask used to develop cantilever and supporting structure. Exposed resist will be
removed and exposed silicon coated with silicon nitride before resist is stripped and silicon
is etched using KOH.
Figure 4.6: Cross section of freed silicon nitride cantilever and silicon support structure side
wall profile along line ’aa’ in Figure 4.5.
be coated with the monoclonal antibody. The lower glass layer does not need to be as thin
as the upper layer but requires a pair of holes to be etched and fitted with the fiber optic
cables needed for the laser interferometer before the bonding process. The top glass wafer
of the sealed structure is then coated with a 1µm thick layer of the BC-12.CA4 monoclonal
antibody above the iron tip to act as the binding interface of the sensor. A permanent
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magnet can be placed directly below the lower glass wafer giving clearance room for the
fiber optic cables as necessary.
Figure 4.7: Cantilever structure sealed between glass wafers.
The entire assembly is then placed into a wire coil with an inner dimension of approx-
imately 2mm such that the antibody layer is as close to the center of the coil as possible.
Figure 4.7 shows a representation of the sealed MEMS structure and Figure 4.8 gives an idea
of the final sensor with the coil and permanent magnet in place. The laser interferometer
and RF coil are connected to the external micro-controller
Figure 4.8: Sensor assembly with MEMS structure, permanent magnet and RF coil.
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4.7 Sequence of Operation
As mentioned in Section 4.4, a micro-controller is responsible for the operation of the
proposed mold spore sensor. Numerous steps need to be taken in order for the micro-
controller to properly control the RF signal and monitor the cantilever response in order
to detect the presence of a mold spore. Because the MEMS manufacturing process is not
flawless, minute imperfections in the MEMS cantilever or the iron particle geometry can
cause the resonance frequency of the cantilever beam to shift to a higher or lower frequency.
Since each cantilever structure is slightly different the controller needs to be calibrated to
the sensor setup before it can reliably begin the spore detection process.
Figure 4.9: Flowchart for sensor calibration routine
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The calibration begins by using the temperature sensor and laser interferometer to mea-
sure the oscillation amplitude of the cantilever due to thermal vibrations, this value will
be noted as the noise floor for the current temperature. This process may be repeated at
different ambient temperatures so that the micro-controller can account for the change in
thermal vibrations over a span of temperatures. The cantilever beam is physically isolated
from the outside environment and has a resonance frequency of 10 kHz, environmental in-
fluences such as wind, ran and motor vibrations should be minimized and not considered
in this work. The stationary position of the cantilever beam can be estimated by averaging
the amplitude of the thermal vibrations over time. For the next step, the micro-controller
will assume that the cantilever resonance frequency is 10 kHz and begin to apply a series
of the pi-pulse sequence described in Section 2.2.5 to the RF coil at approximately 38 MHz
in an attempt to induce a resonance slice within the BC-12.CA4 antibody. The cantilever
oscillation is monitored and if a change in amplitude is detected after an arbitrary time,
then the controller can assume that some portion of the resonance slice is currently in the
antibody. If the cantilever oscillation does not change significantly during the applied RF
sequence, then the controller shifts the RF frequency in 50-100 kHz increments and attempts
the test again. Once the antibody has been located by the controller the RF pulse is shifted
in increments of 5-10 kHz until the frequency which produces the maximum force is located.
The maximum force will be found when the apex of the paraboloid shaped resonance slice
is located within the antibody layer; where the number of spins is maximized.
Using the RF frequency which results in the maximum force from the antibody, the
controller will continue to apply a series of pi-pulses while adjusting the period between the
pulses in 10 ns increments. The interferometer is used to monitor cantilever oscillations as
the period is adjusted; the micro-controller calculates the rate that the cantilever amplitude
changes until a maximum change rate is found. At this point the period between pulses is
approximately the same as the period of the cantilever oscillation; from this information the
controller can calculate the actual resonance frequency of the cantilever. Figure 4.9 shows
the flowchart used for the calibration sequence of the sensor micro-controller.
Once the calibration has been finished the controller will enable a “sensor ready” output,
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which can be connected to a status LED or to a more complex system (such as an alarm or
building management system) to indicate that the sensor is ready to begin detection. The
calibration process can be repeated once every day or two to ensure that the readings from
the sensor haven’t drifted from the original calibration. During the detection process the
micro-controller sends a 38.4 MHz pi-pulse to the RF coil in 10 ms bursts and measures the
deflection of the cantilever using the laser interferometer. From Figure 3.7 a frequency of
38.4 MHz should result in the apex of the resonance slice located appropriately 3 µm above
the antibody layer. In the absence of a mold spore adhered to the antibody coating of the
sensor there should be no measurable change in oscillation of the cantilever beam during
the pi-pulse burst. However if a mold spore is adhered to the sensor then the change in the
cantilever oscillation amplitude should be detectable, at this point a high resolution scan of
the sample is performed to determine if there is a spore present or some unknown particle
has contaminated the sensor by comparing lab profiles of the spore to the profile built from
the sample.
If a spore is suspected to be present by the micro-controller the sensor will begin a high
resolution scan of the sample for confirmation. Using a series of pi-pulses sweeping between
38.2 MHz and 38.8 MHz and monitoring the cantilever oscillation amplitude, the controller
can devise a frequency-force profile for the sample. Once the high resolution scan is complete,
the frequency-force profile can be compared to stored profiles of the spore. If the two spore
profiles match each other within a given tolerance, the controller will enable a status output
to indicate that a spore has been found. If the frequency-force profiles do not match within
the given tolerance, the controller will enable a status output to indicate that a foreign
substance has contaminated the sensor. Figure 4.10 gives the proposed detection sequence
for the sensor.
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Figure 4.10: Flowchart for fungal spore detection routine.
63
5. Conclusion
5.1 Summary
This work explores the feasibility of using magnetic resonance force microscopy for use
in the detection of the botrytis cinerea mold spore. Two cantilever models using different
materials were designed and revised in order to maximize the mechanical quality factor of the
cantilever beam operating at the low vacuum pressure of 300 Pa and an ambient temperature
up to 300◦K. The silicon cantilever has dimensions of 110.3µm × 2µm × 200nm, a spring
constant of 79.1× 10−6 N/m and a quality factor of 28.7. The silicon nitride cantilever has
the dimensions of 114.8µm× 2µm× 200nm, a spring constant of 80.6× 10−6 N/m and has
a quality factor of 30.0.
MRFM simulations were performed on a homogeneous blank the same shape and size of
the botrytis spore with a hydrogen spin density of 9.4 Spins
100nm3
. The blank was located 5µm
from the cantilever tip at rest and resulted in a maximum force of 340 fN at 38.372 MHz
and a detectable force between 38.29 MHz and 38.60 MHz. Using the pi-pulse method to
induce spin flips in the magnetic moment of the 1H spin, it was determined that it would
take approximately 5 ms for the silicon cantilever to reach a harmonic oscillation with an
amplitude twice that of the thermal vibrations of the cantilever. For the silicon nitride
cantilever, harmonic oscillations which doubled the amplitude of the thermal vibrations
obtained after an estimated 4 ms.
Section 4 discusses the manufacturing process for the proposed sensor and addresses
a number of additional design considerations which can be incorporated in future sensor
revisions. The role of supporting electronics such as the micro-controller and various sensors
were also discussed in the overall sensor design. The tentative sequence of operation for the
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calibration and operation of the spore sensor were also discussed in Section 4.
5.2 Conclusion
The sensor proposed and simulated in this work shows that using magnetic resonance
force microscopy is a feasible solution for the detection of a single mold spore. By inte-
grating this sensor in existing spore traps, it is possible to quickly identify the presence of
airborne botrytis cinerea spores without the need for filter transportation and identification
by trained technicians. This unique design can be modified relatively easily for the detection
of additional spore types by changing the antibody used to another monoclonal or poly-
clonal antibody and devising a profile for the target spore. By using magnetic resonance
force microscopy with large frequency steps, the sensor is able to verify the presence of a mold
spore adhered to the antibody coating, then smaller frequency steps are used to develop a
deflection-frequency profile to positively identify the spore type adhered to the sensor. Since
the size of the MEMS portion of the sensor is extremely small, it is quite possible that
an array of cantilever beams can be used to increase the size of the spore contact surface.
By incorporating different antibodies into the sensor array it is possible to design a sensor
capable of detecting multiple species of fungal spores simultaneously.
Section 1.2 detailed the research objectives for this thesis. The first objective was to
estimate the magnetic force during a MRFM experiment on a sample the size of the botrytis
cinerea spore, this force is required to drive the cantilever oscillations and is maximum when
the applied RF pulse is at a given frequency. Chapter 3 discusses the MATLAB scripts used
to estimate the dipole magnetic force which results from a botrytis shaped sample. The
results of this simulation show that when the cantilever tip is 4 µm from the sample the
maximum dipole magnetic force is estimated at 480 fN when an RF pulse of 38.35 MHz is
applied. When the distance between the sample and the cantilever tip is increased to 6 µm
the maximum force is deceased to 230 fN at a frequency of 38.39 MHz. As the cantilever
beam oscillates, the magnetic force will vary at a rate of 0.1257 fN/nm and the RF pulse
will need to change at a rate of 16 Hz/nm in order to maintain the position of the resonance
slice.
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The second research objective was to estimate the cantilever beam dimensions in order
to minimize the spring constant of the beam. A low spring constant is desirable because it
increases the cantilever sensitivity to minute changes in the net magnetization of the sample
under test. The MATLAB script used to estimate the cantilever dimensions estimated that
a silicon cantilever of size 116.7µm × 2.12µm × 200nm and a silicon nitride cantilever of
dimensions 119.5µm× 2.17µm× 200nm would result in spring constants of 454× 10−6 and
636×10−6. These cantilever sizes were entered into COMSOL Multiphysics and revised such
that the cantilever dimensions are 107.1µm×2.0µm×200nm and 114.8µm×2.0µm×200nm
for silicon and silicon nitride cantilevers respectively with spring constants approximately
80× 10−6 each.
The third objective outlines in Section 1.2 was to estimate the time required for driven
cantilever oscillations to overcome the noise floor of the sensor and be distinguishable from
the thermal vibrations of the cantilever beam. For the silicon cantilever beam outlined above
the estimated thermal vibration amplitude is 5nm, for an applied harmonic force of 100 fN,
the driven cantilever oscillations reached an amplitude of 10nm in 4ms and an amplitude of
60nm in 22ms. For the silicon nitride cantilever the thermal vibrations are estimated at 4nm,
the driven cantilever oscillations reach an amplitude of 8nm in 5ms and a 60nm amplitude
in 18ms.
One of the major drawbacks for using MRFM as a detection device for mold spores is
that the magnetic resonance force microscopy is sensitive to the temperature of the sensor.
In an environment with a high ambient temperature, the Boltzmann distribution given in
Eqn. 2.5a indicates that the ratio of α and β spins is extremely close to 1:1 and limits the
number of spins that can transition between the α and β states. However if the sensor is
located in a low temperature environment, the number of spins which can transition between
the α and β states increases, which will result in a larger force to act on the iron particle.
The sensor proposed in this work was designed in such a way that the cantilever beam
is isolated from external environmental conditions such as wind and rain. With a resonance
frequency of 10 kHz, the cantilever beam should be relatively isolated from nearby mechanical
vibrations. However the simulations performed are unable to take into account how the
66
sensor will react if contaminants such as dust, rain droplets or insects get caught in the
sensing range of the iron particle during a MRFM scan. Additional research into how
the sensor responds to foreign contamination needs to be done. Additional research needs
to be done in regards to the BC-12.CA4 antibody to determine if external environmental
conditions can influence the bonding mechanism of the sensor, as this property may influence
the lifetime of the sensor.
5.3 Future Work
Even though the simulations on the mold spore sensor are complete and the design proven
to be feasible, there are still a number of tasks that need to be performed before the sensor
can be manufactured on a large scale. The first step is to build a prototype of the sensor to
verify the operational characteristics of the cantilever beam including resonance frequency
and quality factor. Once these parameters have been verified and the micro-controller has
been calibrated, a single botrytis cinerea spore will need to be placed on the antibody coating
of the sensor and a high resolution scan of the spore will need to be run to obtain a deflection-
frequency profile for the spore. Additional spores at different orientations will need to be
profiled as well so that in the field the sensor will have a higher probability of positively
identifying a randomly oriented spore.
Once the sensor has been manufactured and tested, additional modification can be con-
sidered to improve the performance of the proposed sensor. One such improvement includes
attempting to detect other dipolar isotopes, such as 13C, within the sample to provide ad-
ditional features for the spore identification process. Another consideration for potentiality
improving the spore sensor is to adopt the modified Alderman-Grant coil proposed by Zhang
and discussed in Section 2.2.4. Once the design of a single sensor has been thoroughly tested,
an array of mold spore sensor can be fabricated to increase the contact surface of the sensor
design or to detect other spores which may be on interest.
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